A conventional five-step chemo-mechanical cycle of the myosin -actin ATPase reaction, which implies myosin detachment from actin upon release of hydrolysis products (ADP and phosphate, Pi) and binding of a new ATP molecule, is able to fit the [Pi] dependence of the force and number of myosin motors during isometric contraction of skeletal muscle. However, this scheme is not able to explain why the isometric ATPase rate of fast skeletal muscle is decreased by an increase in [Pi] much less than the number of motors. The question can be solved assuming the presence of a branch in the cycle: in isometric contraction, when the force generation process by the myosin motor is biased at the start of the working stroke, the motor can detach at an early stage of the ATPase cycle, with Pi still bound to its catalytic site, and then rapidly release the hydrolysis products and bind another ATP. In this way, the model predicts that in fast skeletal muscle the energetic cost of isometric contraction increases with [Pi]. The large dissociation constant of the product release in the branched pathway allows the isometric myosin -actin reaction to fit the equilibrium constant of the ATPase.
INTRODUCTION (a)
The myosin working stroke in isometric contraction During muscle contraction, the globular head of the myosin molecule (M) extending from the thick filament cyclically attaches to the actin site (A) on the thin filament and undergoes a structural working stroke accounted for by the energy released by the hydrolysis of one ATP molecule (Huxley 1969; Huxley & Simmons 1971; Lymn & Taylor 1971) . According to the crystallographic model (Dominguez et al. 1998; Geeves & Holmes 2005 ) the working stroke consists of a 708 tilting of the light chain domain of the myosin head (the lever arm) about a fulcrum in the catalytic domain firmly attached to actin, corresponding to an axial movement (D) of 10 nm between the catalytic domain and the attachment of the lever arm to the myosin filament. A similar amount of filament sliding has been found in single muscle fibres when the force of the half-sarcomere is suddenly reduced to synchronize the working stroke in the actin attached myosin motors (Huxley & Simmons 1971; Piazzesi et al. 2002; Reconditi et al. 2004) . The biochemical step associated with the working stroke is the release of the hydrolysis product orthophosphate (Pi), while the release of ADP follows the execution of the working stroke (Bagshaw & Trentham 1974; Sleep & Hutton 1980; Ferenczi et al. 1984; Hibberd et al. 1985) .
The probability of the completion of the ATPase cycle is reduced when the myosin motors act under high load, with respect to low load, as proven by the reduction of the rate of energy liberation (Fenn 1923; Hill 1938) and ATP hydrolysis (Kushmerick & Davies 1969) . Recently, it has been shown that the average strain (s) in the myosin motors in isometric contraction is one order of magnitude smaller than the size of the working stroke D (Decostre et al. 2005; Piazzesi et al. 2007 ). The energy required to strain the motor elastic element during an isometric working stroke is 1 2 1D 2 , where 1 is the stiffness of the myosin cross-bridge. In a single fibre of frog skeletal muscle, 1 is approximately 3.2 pN nm 21 (Decostre et al. 2005; Piazzesi et al. 2007) . In this case, for a single working stroke of 10 nm, the energy would be 160 zJ, twice that released by the hydrolysis of one molecule of ATP (Pate & Cooke 1989a ) and approximately 40 k b Q (where k b is the Boltzmann constant and Q the absolute temperature). The corresponding equilibrium constant of the reaction would be too low to explain the isometric force on the basis of motors that have undergone the whole working stroke transition. Note that the argument remains valid also assuming that the stiffness of the myosin motor is as low as approximately 1.7 pN nm 21 , the value found in skinned fibres from rabbit psoas (Linari et al. 2007; Lewalle et al. 2008) , as also in this case the energy for the working stroke transition in the isometric condition would be greater than 20 k b Q. A possible solution to the problem is suggested by recent X-ray experiments Piazzesi et al. 2007) , demonstrating that the 10 nm working stroke occurs only at low load, while, for loads greater than or equal to 0.5 T 0 , the working stroke is approximately 6 nm. These results can be explained assuming that the working stroke is made up of a series of steps and the detachment probability increases sharply for motor movements above 6 nm. The average strain per motor in isometric contraction is approximately 1.7 nm at 58C and is accounted for by the first of a series of steps of approximately 2.8 nm between motor states that have the same stiffness (Decostre et al. 2005 (Hibberd et al. 1985) . Accordingly, the rate constant of development of isometric force following a period of unloaded shortening (r F ) and the rate constant of the force transient elicited by a jump in [Pi] (r Pi ) are faster at higher [Pi] (Millar & Homsher 1990; Dantzig et al. 1992; Walker et al. 1992; Regnier et al. 1995; Tesi et al. 2000 Tesi et al. , 2002 Caremani et al. 2008) . At any [Pi] above 3 mM, r Pi is larger than r F and both rate constants show saturation at large [Pi] . The steady isometric force (T 0 ) developed by a muscle fibre is decreased by increase in [Pi] (Brandt et al. 1982; Hibberd et al. 1985; Pate & Cooke 1985; Kawai et al. 1987; Cooke et al. 1988; Pate & Cooke 1989b; Millar & Homsher 1990; Fortune et al. 1991; Kawai & Halvorson 1991; Dantzig et al. 1992; Martyn & Gordon 1992) . Also the ATPase rate of isometrically contracting fibres is reduced by Pi, but less than in proportion to the reduction of force (Bowater & Sleep 1988; Potma & Stienen 1996) . These findings were explained by assuming that the effect of Pi depends on the strain of the myosin motor (Pate & Cooke 1989a) as it is the case if Pi release is associated with the transition to higher force-generating states of the myosin motor. However, this idea is contradicted by the recent finding that the Pi-dependent reduction in force is explained by a proportional decrease in the number of myosin motors without any effect of Pi on the force per motor (Caremani et al. 2008) . This finding makes existing conventional models unable to explain the reduced effect of Pi on the ATPase rate (Woledge et al. 2009 ).
RESULTS AND DISCUSSION
The models described here are intended to explain the kinetics of the chemo-mechanical coupling in isometric conditions; therefore, the myosin motors experience only a relatively narrow range of strains and a detailed description of the dependency of the rate constants controlling state transitions on the axial position of the motors is not necessary. The rate constants for forward and backward transitions and the corresponding equilibrium constants are defined as k x , k 2x and K x , respectively. Time-dependent distributions of myosin motors among the various states following Pi jump or unloaded shortening were calculated by solving a system of linear differential equations as reported in the electronic supplementary material.
(a) Predictions of a conventional cycle The effects of Pi on the isometric force under steady-state and transient conditions can be explained by a five-step reaction scheme (scheme 1) for the myosin -actin ATPase cycle similar to that described in the 1990s (Fortune et al. 1991; Kawai & Halvorson 1991; Dantzig et al. 1992) .
ATP binds to the actomyosin (AM) complex (step 1), promotes rapid dissociation of myosin from actin (incorporated in step 1) and then is hydrolysed (step 2). The myosin with the hydrolysis products is in rapid equilibrium with the weakly bound A-M . ADP . Pi state. Actin attachment by the closure of the actin binding cleft of the myosin head (Geeves & Holmes 2005) forms the strongly bound, stiffness generating, AM 0 . ADP . Pi state that, without significant delay undergoes an interdomain structural change leading to the strained conformation responsible for isometric force (step 3). Thus, step 3 is the combination of two processes, formation of strongly bound cross-bridges and force generation, with the kinetics determined by the much slower attachment process. This definition of step 3 is in agreement with a fast kinetics for force generation (Huxley & Simmons 1971) and is supported by the recent evidence that force rises in proportion to number of myosin motors during isometric force development (Caremani et al. 2008) . Pi is released in a rapid reaction (step 4, Dantzig et al. 1992) , without any further contribution to force. Thus both the AM 0 . ADP . Pi and the AM 0 . ADP states are a mixture of different force-generating states of cross-bridges in rapid equilibrium and the sum of the occupancies of these two states constitutes the fraction ( f ) of actin attached motors. Therefore each of the two states contributes equally to the fibre force and stiffness, in agreement with the finding that an increase in Pi decreases the ensemble force and the number of motors by the same amount (Caremani et al. 2008) . The subsequent ADP-release step (step 5) occurs at a rate that, in the isometric contraction is low (Nyitrai & Geeves 2004; Sleep et al. 2005; West et al. 2005) . The cycle is repeated as long as ATP is available and the fibre is activated.
In the scheme, the development of isometric force is rate limited by both the ATP hydrolysis step (step 2) and the attachment of cross-bridges (step 3), while the steady-state flux through the whole cycle (the ATPase activity) is limited by the rate of the ADP release (step 5). The constraint is removed, according to the view that the rate of ADP release becomes very rapid following the stroke-dependent conformational change (Nyitrai & Geeves 2004; Geeves & Holmes 2005) , to obtain the state distribution during the period of unloaded shortening that precedes the development of isometric force. During this period, the rate constant for ADP release (k 5 ) is set to 1000 s
21
. The reference experimental data are from Caremani et al. (2008) , for the development of isometric force and from Dantzig et al. (1992) , for the force transient following a Pi jump.
(i) Rate constants Unless differently specified, the values of the rate constants of the transitions (listed in table 1) have been chosen in agreement with those reported in previous kinetic studies on rabbit psoas actomyosin both in solution and in skinned fibres, as specified in the electronic supplementary material. Rapid equilibrium reactions that follow a kinetically relevant step are incorporated in the step itself.
(ii) Equilibrium constant of ATP hydrolysis The product of the equilibrium constants of all steps reported in table 1 gives an equilibrium constant for ATP hydrolysis (K ATP ) in isometric contraction of 2.5 M, which is smaller than that reported in literature . This corresponds to a difference in the associated energy of approximately 50 zJ, consistent with the energy of the working stroke (White & Taylor 1976) . This difference is accounted for by the difference in the combined equilibrium constant of steps 3 and 4 (isomerization and Pi release steps) between unloaded conditions and isometric conditions, which explains why steps 3 and 4 are reversible in the isometric contraction and no net work is done.
(iii) Simulation of the effect of Pi on the isometric force during steady state and transient conditions The effect of [Pi] on the occupancy of the various states of the reaction scheme (except the AM state that is not significantly populated at the physiological [ATP]) during steady isometric contraction are plotted in figure 1a . With a concentration of myosin heads in skeletal muscle of 0.15 mM (He et al. 1997; Sun et al. 2001) , the concentration of motors bearing stiffness and force in isometric contraction in control solution (no added Pi, corresponding to [Pi] ¼ 1 mM) is approximately 0.052 mM, which gives a fractional number of (0.052 mM/0.15 mM¼) 0.34, in agreement with that fraction of motors estimated from mechanical measurements under the same conditions (Zhao & Kawai 1991; Linari et al. 2007; Piazzesi et al. 2007 ). The number of motors (and thus the force of the motor ensemble in each half-sarcomere) decreases with increases in [Pi] (figure 1b, blue line), in agreement with the experimental data up to a minimum of 35 per cent of the value in control solution (circles, from Caremani et al. 2008 ; similar data for the force-Pi relation are reported by Bowater & Sleep 1988; Millar & Homsher 1990; Potma et al. 1995; Potma & Stienen 1996) .
To simulate the rate of isometric force development following unloaded shortening, the starting distribution of myosin states induced by unloaded shortening is obtained by increasing k 5 to 1000 s
, and 15 ms after the jump in k 5 (a time similar to that of unloaded shortening in Caremani et al. 2008 ) the motor states with significant occupancy are only M . ATP and AM . ADP . Pi. The rise in the number of actin-attached motors when k 5 is re-assigned the isometric value is shown in figure 1d (data relative to the steady isometric value at the respective [Pi] ). The rate constant of force rise (r F ), estimated by the reciprocal of the time from the force at time 0-63% of the steady isometric force (see Caremani et al. 2008 Dantzig et al. 1992 ; simulated: scheme 1 (blue-dashed line) and scheme 2 (red-dashed line). The simulated r Pi relations lie slightly below the observed relation probably because of the different procedure to estimate the rate constant of the force transient. While in the experimental records of Dantzig et al. (1992) , the initial lag does not contribute to the estimate of the rate constant, in our simulation the lag is incorporated in the estimate.
(iv) Simulation of the effect of Pi on the isometric ATPase rate In control solution, the calculated ATPase rate is 0.38 mM s 21 , in agreement with the values reported for fast skeletal muscle (Potma & Stienen 1996) . With scheme 1, the increase in [Pi] reduces the ATPase rate (blue line in figure 1c ) in proportion to the reduction of the occupancy of the AM 0 . ADP state (red line in figure 1a) . Thus, the Pi-dependent decrease in the ATPase rate is larger than that of isometric force (blue line in figure 1b) , as the force results from the occupancy of both the decreasing AM 0 . ADP state and the increasing AM 0 . ADP . Pi state (blue line in figure 1a) . In contrast to the simulated relation, the observed relation (open symbols in figure 1c ) obtained from several studies at comparable temperature (11-158C, Bowater & Sleep 1988; Potma et al. 1995; Potma & Stienen 1996) shows that the ATPase rate is reduced less than the isometric force (and the fraction of attached cross-bridges): an increase of [Pi] to 15 -20 mM produces a reduction in the isometric ATPase of only approximately 20 per cent. This demonstrates that the conventional reaction scheme is not adequate to explain the energetics of the isometric contraction.
(b) Unconventional cycle with the release of hydrolysis products after motor detachment The contradiction can be solved by allowing a substantial ATPase activity to occur also at high [Pi] . This is provided in scheme 2 by the branched pathway that allows the AM 0 . ADP . Pi force-generating state to detach before the release of hydrolysis products (step 6).
The detached M 0 . ADP . Pi state derives from a strongly bound state that has undergone the conformational changes that generates the stiff and strained conformation responsible for force, and therefore it is structurally and kinetically different from the M . ADP . Pi state in rapid equilibrium with the weakly bound A-M . ADP . Pi state. We hypothesize that the M 0 . ADP . Pi state, undergoes a rapid sequence of events consisting of the completion of both the structural change normally associated to the execution of the 10 nm working stroke in the attached myosin head and the ATPase cycle by an almost irreversible release of Pi and ADP and binding of a new ATP (step 7). Rapid release of the hydrolysis products from myosin in the absence of actin has not been observed in solution (White et al. 1997) . However, in fibres, the release occurs from a myosin state that, as a consequence of the Isometric contraction mechanochemistry M. Linari et al. 23 reaction with actin, has assumed a strained conformation that responds to detachment with the immediate opening of the nucleotide binding pocket and product release. In support of this view, recent X-ray experiments on intact frog muscle fibres suggest that the rate of events that terminate the AM interaction (ADP release, ATP binding and the ensuing detachment of myosin from actin) is controlled specifically by the conformation of the myosin head (Piazzesi et al. 2007 ). Since it is not possible to investigate the hypothesized state in solution, there is no direct conflict between our hypothesis and solution studies.
(i) Rate constants Unless otherwise specified, the values of the rate constants of the transitions (listed in table 1) are the same as those selected for the simulation with scheme 1. Details for the selection of rate constants of the steps 6 and 7 are given in the electronic supplementary material. The combined equilibrium constant of steps 6 and 7 is 1.5 Â 10 6 M, so that the equilibrium constant of the unconventional cycle (K 2 . K 3 . K 6 . K 7 ) is 5.3 Â 10 5 M. Thus, in contrast to the conventional cycle, the unconventional cycle accounts for the equilibrium constant of ATP hydrolysis also in isometric contraction. As a corollary, it must be noted that the unconventional cycle provides a straightforward explanation for the finding that in isometric contraction the free energy of the ATP hydrolysis is mostly released as heat.
(ii) Simulation of the effect of Pi on the isometric force and on the ATPase rate With scheme 2, the effects of [Pi] on the occupancy of the relevant states of the reaction scheme (figure 2a) are substantially similar to those in scheme 1 (figure 1a), because the new M 0 . ADP . Pi state is only a transient intermediate and its occupancy is relatively low even at the highest [Pi] .
As shown in figure 2b , in control solution the ATPase rate (continuous line) is 0.47 mM s
, similar to that observed (Potma & Stienen 1996) and is 80 per cent accounted for by the flux through the conventional path (dot-dashed line) and 20 per cent by the flux through the branched path (dashed line). An increase in [Pi] alters the fluxes through the two pathways by mass action in opposite ways: the flux through the conventional pathway is reduced, while that through the branched pathway is increased. At 25 mM Pi, the ATPase rate has dropped only to 0.33 mM s 21 and is 82 per cent accounted for by the flux through the branched pathway. The reduced effect of [Pi] on the ATPase is in agreement with the data reported by all the studies on fast skeletal muscle ( figure 1c, red line) . At the same time, the model maintains the ability to fit the effects of Pi on the steady isometric force (figure 1b, red line), on the rate of force development r F (figure 1f, red continuous line) and on the rate of the force transient following a Pi jump, r Pi (red dashed line).
(c) Kinetics, energetics and structural dynamics of the myosin motor and their Pi dependence With a concentration of myosin heads in skeletal muscle of 0.15 mM (He et al. 1997; Sun et al. 2001) and using the relation of ATPase rate versus Pi (red line in figure 1c) , the Pi dependence of the ATPase rate per myosin head can be calculated ( figure 2c, dashed line (Linari et al. 2007 ) and drops with Pi, attaining at 25 mM Pi a minimum of approximately 0.4 the control value (approx. 0.12, Caremani et al. 2008) . Using the value of f at any [Pi] as the normalization factor for the ATPase rate, we can calculate the Pi dependence of the ATPase rate per attached cross-bridge ( figure 2c, continuous line) If filamentary sliding and thus the execution of the myosin working stroke are prevented by the isometric condition, the process that leads to the release of Pi upon attachment to actin can be reversed by the increase in [Pi] , because all steps in the process are in dynamic equilibrium (Geeves & Holmes 2005) . The assumption in scheme 2 that in the isometric contraction the myosin cross-bridge can detach from actin when it is in the strongly bound force generating AM 0 . ADP . Pi state implies a qualitatively different mechanism, as in this case the myosin cross-bridge has gone through the liberation of part of the free energy of ATP hydrolysis during the actin attachment period. Therefore, after detachment, this myosin cross-bridge is committed for completing the biochemical cycle with release of the hydrolysis products and rebinding of a new ATP. To consider the likelihood of such a different pathway for the myosin -actin ATPase reaction, it must be taken into account that, in a complex molecule such as the myosin head, the path between the two structural states representing the beginning and the end of the working stroke may be different in relation to conditions (such as [Pi] or strain) that alter the free energy landscape between the two states.
In structural terms, scheme 2 implies that the myosin cross-bridge can detach from actin at a stage of the working stroke that has progressed only by the extent necessary to account for the isometric force. The possibility that the myosin -actin interaction implies different sizes of the working stroke finds support in the idea, promoted by the recent evidence that the stiffness of the myosin cross-bridge is quite high (1.7-3.2 pN nm
, Decostre et al. 2005; Linari et al. 2007; Lewalle et al. 2008) , that the working stroke is made by a series of structural steps and that only the first steps are allowed at high load Decostre et al. 2005; Piazzesi et al. 2007) .
Schemes of the cross-bridge cycle with a branched pathway were previously hypothesized (Kawai et al. 1987; Smith & Mijailovich 2008; Woledge et al. 2009 ); however, none of them is adequate to account for the different Pi dependence of the number of cross-bridges and ATPase rate in isometric contraction. On the other hand, the idea that the myosin can detach from actin at different stages of the working stroke, allowing rapid termination of the biochemical and structural steps of the actomyosin interaction at high load, probably applies also at physiological [Pi] , and thus after the Pi release. Under this hypothesis, which provides the general mechanism by which the equilibrium constant of ATP hydrolysis is accounted for at high loads, the dot-dashed line in figure 2b would represent the flux of the crossbridges through cycles that imply detachment from actin following the Pi release.
(d) Comparative kinetic and energetical aspects In fibres from slow skeletal muscle, the ATPase rate during isometric contraction is one order of magnitude smaller than in fibres from fast skeletal muscle (Potma et al. 1995) ; moreover, in contrast with fast fibres, in slow fibres the increase in [Pi] reduces the isometric force and the ATPase rate in proportion (Potma et al. 1995) . In terms of our kinetic model, we can predict that these features of slow fibres can be explained by suppression of the branched pathway and adequate decrease of the rate constant of the ATP hydrolysis. Consequently, the metabolic cost of the isometric force should be lower in slow fibres compared with fast fibres, as proven by the datum that the maintenance heat (the heat liberated during the isometric contraction) is lower in slow fibres than in fast fibres (Woledge et al. 1985; Barclay et al. 1993) .
The most important mechanical and energetic difference in the two fibre types is the power output during steady shortening, which is much higher in fast fibres (Woledge et al. 1985; Barclay et al. 1993; Linari et al. 2004) . A kinetic mechanical model of the myosin crossbridge in muscle was able to explain these differences (Piazzesi & Lombardi 1995a,b) . The higher power of fast fibres could be predicted by that model by increasing the probability of cross-bridges to detach at an intermediate stage of the working stroke and reattach more rapidly than cross-bridges detached at the end of the working stroke. The conclusion of this work that, in fast fibres, the myosin cross-bridge can detach via the branched pathway with the hydrolysis products still bound to its catalytic site is not per se sufficient to fit the predictions of the mechanical model of Piazzesi & Lombardi (1995a) , because the unconventional cycle still implies that the apparent rate constant of attachment is moderate, as it includes both the hydrolysis step and the attachment/ force-generation step. In any case, following this work, one can anticipate that a model able to fit the kinetics and energetics of steady shortening should consider in detail not only the strain dependency of the rate constants of transitions between attached states, but also several other features such as the conformational and biochemical states for detachment in the unconventional cycles and the steric role played at the level of a single myosin -actin interaction by the dimeric structure of myosin (e.g. Huxley & Tideswell, 1997) and by the array arrangement of myosin motors in each thick filament.
